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Abstract 
 
Nowadays, we always get a lot of news about the energy crisis because of lack of the petroleum. 
To overcome the serious problem, various renewable energy resources are developed. Renewable 
energy means that the resources come from the natural such as wind, tides, geothermal heat and 
sunlight. These resources are unlimited and do not generate the carbon dioxide to convert into the 
electricity. Above all, the direct conversion of solar energy to electricity by photovoltaic cells is 
emerging as a leading contender for next generation green power production because the 
photovoltaic cell has huge potential to apply in multi-usage by various different types of cell 
structures. For example, the crystalline silicon solar cell shows very high performance and the 
amorphous silicon solar cell has very good flexibility. These functions make the solar market wider. 
However, the power conversion price is still expensive with the photovoltaic although the silicon 
solar cell achieves high efficiency. The raw ore price of silicon is expensive and purification 
process and crystalline step need very high temperature. Also, the wide application of high purity 
silicon leads lack of supplement of silicon wafers. Because of these factors, other types of 
photovoltaic are still focused on replacement of the silicon solar cell.  
Dye sensitized solar cells that convert solar energy into electrical energy have been 
considerable interests during the last two decades owing to their cleanliness, simple fabrication 
process and relatively high efficiency. This electrochemical cell is organized by three parts in major. 
Working electrode, counter electrode and electrolyte are mainly composed for the dye sensitized 
solar cell. The working electrode is generally used in TiO2 nano-porous electrode with micro 
thickness on FTO glass. Due to sintering processes for the working electrode, FTO glass is essential 
for substrates instead of ITO glass because the ITO cannot endure over 300oC. The counter 
electrode is typically fabricated with platinum layer or platinum particles. Roles of the noble metal 
is catalysis to convert the electrolyte forms. The components of electrolyte is generally 
triiodide/iodide redox couple. The iodine can etch most of metals even gold is also dissolved by the 
iodine. Owing to these reasons, very limited catalytic materials can be selected for the counter 
electrode. Platinum is the most famous material on it. To decrease of solar cell production costs for 
dye sensitized solar cell is to replace the platinum into other catalytic material such as palladium, 
nickel or carbon. The carbon is widely used as electrode material for various electrochemical 
systems. Also the price is incomparably lower than the platinum. Thus, the carbon and carbon 
structures have a lot of potential on this field.  
In this study, two types of pt-less counter electrodes are going to be introduced with comparable 
efficiency to the platinum. The first counter electrode is carbon black and TiO2 nanocrystal mixture. 
Only carbon black layer does not have good connection between substrate and the material. 
However, using TiO2 nanocrystals work as binder and electron transport parts. It gives higher fill 
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factor and better current density. And the second counter electrode is carbon nanomedusa. This 
material has very high porosity and also good electron conductivity to compare with other common 
carbon materials. The carbon nanomedusa is organized by ordered mesoporous carbon and carbon 
nanotube. These two different carbon structures are connected each other. It is brand-new material 
and the first time to modify on dye sensitized solar cells.  
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Chapter 1. Introductions of Solar Cells 
 
 
 
1. Energy crisis and renewable energy sources 
Over the past 10 years, the price of energy, especially petroleum, has dramatically increased. 
Energy consumption has been increasing every year, in the other hands, petroleum reserves are very 
limited. Because of these reasons, most of countries are focusing on the other energy sources to 
replace on fossil resources.  
 
 
Figure 1. Western Texas Intermediate price changes for 15 years. The price change was 
reported from NYME 
 
Figure 1 shows the oil price changes in detail. The price has been dramatically increased since 
2002. In the middle of 2006, the oil price was super increment because of lack of oil production and 
troubles in the Middle-east Asia. So the international oil price is highly dependent to the rapidly 
changing world situation. Thus, many countries are focusing on the other type of energy sources.  
At the very beginning, most of industries used the whole fossil resources for their works. 
However, raw materials such as coal, unrefined oil and anthracite, were not easy to transport far 
place so that they found other alternative energy sources instead of the unprocessed sources. It was 
the electricity. Electricity is easy to transport to other place and no limitation to install for 
generation of the energy. Thermal power plant is common building for generation of electricity. 
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However, the power plant also consumes fossil resources like coals and petroleum. Also, the place 
produces huge amounts of carbon dioxides to generate electricity. It occurs “The Global Warming”.  
Many scientists had been researching replaceable energy sources and they found out some sort 
of energy sources. Nowadays, we call it as “Renewable energy sources”. Renewable energy sources 
are commonly unlimited and do not produce carbon dioxide when generate electricity. It means that 
renewable energy can be contributed to solve global warming as well. Because of these positive 
points, various renewable energy sources have been developed. The list of the renewable energy is 
shown below.  
 
 
Figure 2. Various kinds of renewable energy sources 
 
These energy sources come from the nature and other useless products, for example, trash or 
thrown away plants. And the renewable energy does not generate CO2. Just water or oxygen is 
generated when it produces the energy. Due to this factor, the renewable energy sources are highly 
focused to replace the fossil energy sources. The fossil energy always remains CO2. The wind 
power was already commercialized and used in various applications, for example, the windmill is 
the most common thing. Also, dams are installed on the river. The dams, hydro renewable energy, 
can work as the power plans and flood controller. However, most of renewable energy sources are 
quite difficult to convert into electricity on various locations except solar power. Solar power is the 
easiest application among the renewable energy. Just a simple matter of installing solar panels on a 
place can produce electricity. So many types of solar cells are developed and crystalline silicon 
solar cell is firstly commercialized. As time goes by, the solar cell market has been dramatically 
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grown. Although the photovoltaic market has been being larger and larger, most of consumers think 
that the price for generating electricity by solar cell is still expensive.  
 
 
Figure 3. Grid parity point of each commercialized solar cells 
 
For the future of photovoltaic, the power conversion efficiency must be improved and the price 
of solar module is getting cheaper as well. Due to this tendency, various type of solar cells are 
invented that the aims are to improve the efficiency or decrease the price. Various types of solar 
cells are going to introduce in following chapter.  
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2. Introduction of various types of solar cells 
 
Figure 4. Solar cells sorting by generation.  
(The generation does not mean the better efficiency) 
 
Figure 4 shows various types of solar cells which are made by various materials. The first solar 
cell is single crystalline silicon solar cell. In spite of its high efficiency, the production cost is still 
expensive than others. However, the crystalline silicon solar cell is widely used because of high 
efficiency and similar process to the semiconductor industry. Silicon is the most common materials 
because the material is easily changed the properties by dopants. In common, photovoltaic effect is 
main effect to generate extions and the extions are separated by internal voltage at the solar cell for 
collection of electrons and holes. These steps are commonly occurred at the PN junction on the 
device. The silicon is the most famous material to make PN junction on a device why silicon solar 
cell is the common photovoltaic. Nowadays, the vision of photovoltaic is slightly moved into using 
cheaper materials with comparable efficiency. The solar cell components are organized by organic 
materials or complex compound materials. Positive points of these materials are that the materials 
are exactly matched to the solar cell application and the photovoltaic does not need to consume rare 
or expensive crystalline materials like mono-crystalline silicon ingot. It means that brand new type 
of solar cell does not need to use thick and hard silicon wafer. The new photovoltaic can be flexible 
with comparable efficiency to the commercial solar cells. Thin film solar cells, second generation 
solar cells, work well with even a few micrometers thick layers of semiconductor materials such as 
amorphous silicon, cadmium telluride and chalcopyrite. These solar cells are focused on reducing 
the cost of first generation cells. Even the solar cell is possible to be flexible because the base 
material layer is thin and organize on flexible substrate. The third generation of solar cells has 
different concepts comparing with existing solar cells. Dye-sensitized solar cells and organic solar 
Solar Cells
Crystalline 
Silicon solar cell
Single crystalline silicon solar cell
Multi crystalline silicon solar cell
Thin film 
solar cell
Amorphous silicon solar cell
CIGS solar cell
CdTe solar cell
Next generation 
solar cell
Dye sensitized solar cell
Organic solar cell
Quantum dot solar cell
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cells are included third generation of solar cells. These two kinds are famous with not only low cost 
but also flexibility. Organic solar cell has a lot of positive points. The photovoltaic does not use 
metal compounds. It means that materials for the organic solar cell can be produced by companies 
or laboratory without raw metal ores. The solar cell is very producible in roll-to-roll process with 
chip price. Dye sensitized solar cell is also good type of photovoltaic. It shows quite good 
performance to compare with other metal basis solar cells. Specially, this type of solar cell does not 
use PN junction system because it is chemically structured type solar cell. The mechanism is 
similar to the photosynthesis on plants. Just the photovoltaic can generate more electrons and 
higher open circuit voltage than the photosynthesis system. However, dye sensitized solar cell 
needs to use a few amount of noble metal for chemical reactions at electrolyte.  
In this thesis, other type of dye sensitized solar cell counter electrode is going to be introduced. 
The two different type of counter electrode uses ordered carbon structure instead of platinum layer. 
The carbon layer is comparably effective for chemical reactions on the electrolyte part. Also the 
final efficiency is similar to the conventional type of dye sensitized solar cell.  
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Chapter 2. Dye Sensitized Solar Cells 
 
 
 
1. Introduction  
Photovoltaic devices are based on the concepts of charge conduction mechanism. This field has 
been dominated solid state junction devices, usually silicon photovoltaic and other metal compound 
materials. These solid-state solar cells are enough to commercialize and almost developed. Because 
of the limitations of the characteristic of base material, power conversion efficiency is almost 
reached where it cannot be dramatically increased. Nowadays, the each competition are focused on 
how to reduce the price with cheaper process. Of course, the efficiency must be fixed with the 
cheaper materials and processes. Recently, the photovoltaic field by inorganic solid-state junction 
devices is now being challenged by the emergence of a next generation type of photovoltaic.  
 
 
Figure 5. NREL best research solar cell efficiencies 
 
 
These brand new type solar cells offer the prospective of very low production cost and present 
attractive features that facilitate market entry. It is now possible to depart completely from the 
classical solid-state junction device. One of the famous solar cell is “dye sensitized solar cell”.  
The electrochemical photovoltaic cell is structured by working electrode, counter electrode and 
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electrolyte so that various type of researching subjects are still remained.  
The dye-sensitized solar cells (DSSCs), nanocrystalline solar cells, have been regarded as one 
of the most promising next-generation solar cells. DSSCs are composed of various materials such 
as titanium dioxide (TiO2), dyes, redox couple electrolyte and transparent conducting oxides. TiO2 
is an n-type wide band gap semiconductor, which is transparent for visible light. DSSCs convert 
visible light energy to electrical energy through charge separation in sensitizer dyes on a surface of 
TiO2. 
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2. Structures of dye sensitized solar cell 
 
2. 1 Structures and materials for working electrodes 
The dye sensitized solar cells is consisting of three primary parts. Working electrode, counter 
electrode and electrolyte are the main three parts of the dye sensitized solar cell. Figure 6 shows the 
dye sensitized solar cell structure and the molecular structure of sensitizer, N719.  
 
 
Figure 6. Schematic of the dye sensitized solar cell structure 
 
For the dye sensitized solar cell, fluoride-doped tin oxide (SnO2 : F, FTO) glass is commonly 
used for the substrate. During the working electrode preparation, high temperature is essential. Thus, 
FTO glass which is possibly to endure at high temperature is normally used for the substrate.  
The working electrode part of the dye sensitized solar cell is typically organized by nano-sized 
titanium dioxide with mesoporous structure and micro-thickness layer. Generally 20 nm size of 
TiO2 is used for the working electrode. There are several conditions for good working electrodes on 
the dye sensitized solar cells. Firstly, the electrode has wider inner pore size. The sensitizers are 
positioned on the surface of the working electrode. More and well attached sensitizers leads to 
higher current density. So the pore size decides the amount of adsorbed sensitizers. In additional, 
the porosity of the resulting mesoporous film can be controlled by changing the amount of polymer 
in the paste and is ideally about 50 ~ 60%. Higher porosities lead to less interconnects between the 
particles and a decrease in charge collection efficiency1. Secondly, the working electrode must have 
good electron transport properties. In general, anatase form of TiO2 is used for the working 
electrode material. TiO2 has three different crystalline structures, anatase, rutile and brookite. Each 
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crystalline structure has different electrical properties. Because of the different structures, the 
electron transport properties are determined. Rutile and anatase forms are tetragonal structure. 
However, the rutile TiO2 is connected to edges of each unit cell and the anatase TiO2 is linked with 
the side of each unit cell. Owing to this factor, the electrical properties are different on each 
structure and porosity is also different. According to Park N. G. group’s research2, the rutile 
structure less adsorbs sensitizers than the anatase form because of the packing density in a same 
thickness. Thus the anatase structure can transport electrons easily, less electron recombination is 
occurred in the structure as well.  
 
 
Figure 7. Different structures of the titanium dioxide (TiO2). The rutile structure is 
connected in point to point, Anatase structure is edge to edge.  
 
Lastly, the working electrode should well adsorb the light on the light absorption layer and light 
scattering effect is necessary to improve more electron generation. 20 nm TiO2 is widely used for 
the working electrode material because it has good electron transportation property and a bit light 
scattering. However, the 20 nm TiO2 layer is high transmittance, it means that most of visible light 
is transmit through the 20 nm TiO2 layer. H. Arakawa reported
3 that 20 nm and 50 nm TiO2 mixed 
layer engaged light absorption and light scattering. The mixed layer also contains pretty much 
amount of sensitizers. However, only 50 nm or larger size of TiO2 layer to organize for working 
electrode is not good owing to light absorption efficiency. 50 nm TiO2 is too large to transmit the 
light and most of the light is scattered on the surface of the layer. It means that the rear side of 
sensitizers cannot dedicate to generate electrons. Based on this effect, scattering layer has been 
modified on the rear side of working electrode4.  
Simply, the value of current density relies on the number of sensitizers. More sensitizers can 
generate more electrons in general. However, the sensitizers are adsorbed on the surface of TiO2 in 
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chemical reactions. It means that the number of adsorbed sensitizers have limitation because of the 
surface area. High porosity structure has high surface area, the structure cannot maintain within 
thicker layer. The thickness and porosity is trade-off relationship. General dye sensitized solar cell 
working electrode is thick nanoparticle film that provides a large surcace area for the absorption of 
light harvesting molecules. However, the working electrode depends on trap-limited diffusion for 
electron transport, a slow mechanism that can limit device efficiency, especially at longer 
wavelengths. To overcome this limitation in different way, various concepts of working electrode 
have been suggested.  
Titanium nanotube structure is one of the famous structures because of high electron transfer. A 
concept of Ti-nanotube is described in Figure 8 and 9. 
 
 
Figure 8. Top and lateral view FESEM images of Ti-nanotubes grown from a 500 nm thick 
Ti thin film.  
 
A. Grims reported a new-concept DSSC structure at Nano Letters in 20065. They describe the 
use of highly ordered transparent TiO2 nanotube arrays in DSSC. The nanotube was 50 nm pore 
diameter, 17 nm wall thickness and 360 nm length. They made this working electrode structure 
through anodiazation of a thick film titanium foil in electrochemical reaction. The efficiency was 
not very high to compare with other conventional structure. The current density was 7.87 mA/cm2 
and photo efficiency was 2.9%. A. Grims described that the low current density came from little 
amount of sensitizers because the Ti-nanotube did not have large surface area. Although this 
structure cannot contain a lot of sensitizers, it is very good mechanism to gel type electrolyte and 
flexible type dye sensitized solar cell. Typically, the gel electrode has very high viscosity, the gel-
electrolyte cannot inject into the nanoporous TiO2 structure in every nook and corner. In contrast, 
the nanotube is not the porous structure, it is bamboo like structure, the gel electrolyte can easily 
inject into the working electrode6,7.  
  
 11 
 
 
 
Figure 9. Integration of transparent nanotube array architecture into DSSC. 
 
Other types of working electrode are also introduced in various articles. Yang. P and his co-
worker reported ZnO nanowire dye sensitized solar cells8 at Nature Materials in 2005.  
Figure 10 describes the structure of ZnO nanowire dye sensitized solar cell. The nanowire was 
made by seed-growing method. The seed layer was on ZnO quantum dot which spread on FTO 
glass. The nanowire anode is synthesized by mild aqueous chemistry and features a surface area up 
to one-fifth as large as a nano-porous structure. Also it has direct electrical pathways provided by 
the nanowires ensure the rapid collection of carriers generated via the device. Though the nanowire 
structure has these positive points, better surface area and direct electrical pathways to compare 
with nanoporous structure, ZnO is not perfectly matched to N719 sensitizers. And the ZnO is not 
strong against acidic solvent. The dye solution is generally acid due to some functional groups at 
the sensitizer, carboxyl group and so on. The efficiency was 1.51% and fill factor was 0.37.  
ZnO material has been widely researched for working electrode. Historically, ZnO was one of 
the first semiconductors used in dye-sensitized solar cells. The bandgap and conduction band edge 
of ZnO is similar to that of TiO2 (anatase). ZnO has a higher electron mobility than TiO2, which 
should favor electron transport. The chemical stability of ZnO is rather poor compared with that of 
TiO2; it dissolves under both acidic and basic conditions. The use of ZnO in DSCs has increased 
dramatically in recent years, and in terms of number of publications, ZnO is so far the runner up to 
TiO2. This can be mainly attributed to the relative ease of synthesizing highly crystalline ZnO (in 
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the wurtzite structure) with different morphologies, such as nanoparticles, nanowires, nanorods, 
nanotubes, tetrapods, nanoflowers, nanosheets, and branched nanostructures. Nanostructured ZnO 
has been synthesized via a wide range of techniques. Mesoporous ZnO electrodes can be prepared 
from a paste containing ZnO nanoparticles, followed by doctor-blading or screen printing onto FTO 
substrates and sintering. The best result so far was reported by Saito and Fujihara9 who used a 
commercial ZnO powder (20 nm sized particles) and 90 min dye adsorption time at 60 °C (0.3 mM 
N719 in ethanol). They obtained 6.6% efficiency at AM 1.5 G (100 mW/cm2).  
 
Figure 10. ZnO nanowire dye sensitized solar cell and detailed picture of ZnO nanowire 
 
 
Figure 11. Overview of ZnO nanowire working electrode.  
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Electrodeposition is a low-temperature deposition method, where the ZnO is formed directly on 
the substrate. Yoshida and co-workers developed a successful method based on the cathodic 
electrodeposition of ZnO from aqueous zinc salt solutions in the presence of oxidants and water-
soluble dye molecules. This method yields ordered porous ZnO nanostructures that are very suitable 
for dye-sensitized solar cells. Best results are obtained by desorption of the (templating) dye 
followed by adsorption of the actual sensitizer. Efficiencies as high as 5.6% have been obtained 
using electrodeposited ZnO films in combination with the organic dye D14910. 
Also other metal oxide has been modified for working electrode. SnO2 is a chemically stable 
oxide that has a conduction band edge Ec about 0.5 eV lower than that of TiO2 (anatase). It can 
therefore be used in combination with dyes with lowlying LUMOs that inject poorly into TiO2, 
such as some perylene sensitizers. Best reported efficiency for a dyesensitized SnO2 DSC is 2.8% 
for a cell sensitized with the organic dye D149 (N719 gave 1.2% in the same study). In combination 
with the iodide/triiodide redox couple, the open circuit potential will be low in a SnO2-based DSC, 
at best ca. 400 mV. A significant improvement in Voc and efficiency can be obtained by covering the 
mesoporous SnO2 with a very thin shell of another metal oxide, such as ZnO, MgO, and Al2O3. Best 
efficiencies so far have been obtained using ZnO-coated SnO2 with efficiencies up to 6.3%. It is not 
certain that a ZnO shell is formed in this case, the formation of a Zn2SnO4 shell is also possible. 
Zinc stannate (Zn2SnO4) is a chemically stable wide bandgap material. In DSC tests, efficiencies up 
to 3.8% were obtained for this material. Photoelectrochemical characterization suggests that it has a 
higher conduction band edge energy than TiO2. 
DSCs based on SrTiO3, which has a 0.2 eV higher conduction band edge than TiO2 (anatase), 
gave good Voc but were less efficient than comparable TiO2-based DSCs, efficiencies of 1.8% and 
6.0%, respectively. Also Nb2O5 exhibits a higher Ec. Efficiencies in DSCs of up to 5% (at 0.1 sun) 
are reported. 
Not only working electrode materials and structures have been researched but also combining 
sensitizers have been also studied for higher efficiency. Several different approaches have been 
developed to use more than one type of dye in DSC. In order to increase the spectral response of 
the DSC, sensitizers with different absorption spectra can be adsorbed together onto the 
mesoporous TiO2 surface, using a mixed dye solution for sensitization. Spitler and co-workers 
combined cyanine dyes absorbing light in the blue, yellow, and red regions and found increased 
photocurrents in DSCs compared with the single dyes11. Noda and co-workers achieved an AM 1.5 
G efficiency of 11% by combining a Ru complex (the black dye) and an organic sensitizer (D131). 
They found that the organic sensitizer could replace the chenodeoxycholic acid coadsorber that is 
normally used in sensitization with the black dye. 
Hayase and co-workers developed a method for sequential dye adsorption. They first adsorbed 
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the black dye on the outer part of the porous electrode using a pressurized CO2 process during a 
short time, followed by sensitization of the inner part using an organic dye by conventional 
methods. A method for dye adsorption in a double layer was developed by Clifford et al12. After 
adsorption of the first dye, an ultrathin layer of aluminum oxide is applied, followed by adsorption 
of the second dye. Using this cosensitization method, Choi et al. achieved 8.7% efficiency by 
combining two organic dyes13. A fundamentally interesting approach is to include additional energy 
relay dyes in the DSC. McGehee and coworkers included highly luminescent dyes in the redox 
electrolyte or the solid hole conductor14. They demonstrated that the energy relay dye contributed to 
the generated photocurrent by means of efficient Forster resonant energy transfer to the sensitizing 
dye that is adsorbed onto the TiO2 surface. 
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2. 2 Electrolyte 
The counter electrode is platinum noble metal particle layer and electrolyte is placed between 
two electrodes. A major role of the electrode in dye sensitized solar cell is to transport electrons 
from the counter electrode to oxidized sensitizers on the working electrode. The iodine electrode 
works as a mediator on the dye sensitized solar cell system. Chemical reactions of the iodine are 
following.  
 
I3
-+2e- ↔ 3I- 
 
The 3I- gives 2 electrons to the oxidized sensitizers and the oxidized I3
- moves to the counter 
electrode. The I3
- gains electrons from the counter electrode and it changes into 3I- ions. These 
reactions occur continuously. So the electrochemical photovoltaic cell works as a full system15,16. 
The reduction reaction is not occurred in fast speed. Thus, the catalyst must be used for the counter 
electrode. Very fine sized platinum particles were optimized for the counter electrode generally. 
Because the iodine can easily corrode most metals, less kinds of catalytic materials can optimized 
for the counter electrode. The platinum can endure against the iodine attack and it is also very 
strong catalytic material.  
The electrolyte transports electrons from the counter electrode to the working electrode. Very 
beginning on the dye sensitized solar cell, liquid type electrolyte is modified as mediator. The 
iodine line electrolyte is not only showing good electron conductivity but also easy fabrication to 
inject into the porous layer. Although liquid type electrolyte has many positive points, the 
electrolyte is easily evaporated at high temperature. To overcome these factors, gel-type and qusai-
solid-type electrolyte have been developed. These electrolytes can be endurable at high temperature 
and good for long-term stability. However, the gel-type electrolytes are sticky so it is difficult to 
inject into nano-porous working electrode exactly. Therefore, most of dye sensitized solar cell 
studies are focused on the liquid type electrolyte. The gel-type electrolyte has not been able to 
follow closely on the efficiency of liquid type electrolyte. Although some negative points exist on 
the gel-type electrolyte, the focus of research should be moved to the gel electrolyte due to the 
commercialization of dye sensitized solar cell. Peng Wang and Zakeeruddin reported to Nature 
journal about qusai-solid type electrolyte in 200317. The cell efficiency was almost 6.1% even the 
electrolyte was qusai-solid state. Even this qusai-solid state electrolyte had been endured for 
1000hours. The cell efficiency was not decreased and the efficiency was also comparable to liquid 
type electrolyte.  
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Figure 12. Normalized device efficiencies for cells with the liquid and polymer gel 
electrolyte. a) accelerated aging at 80oC and b) successive one sun visible light soaking at 55oC 
 
This experiment is one of the clear evidence that the dye sensitized solar cell would be able to 
commercialize on the solar cell market. However, the cell performance will have to improve for 
replacement of the crystalline solar cell.  
In the 1991 Nature paper, Grätzel and O’Regan, used an electrolyte that was based on a mixed 
solvent, 80:20 by volume, between ethylene carbonate and acetonitrile18. The redox components 
were added as 0.5 M tetrapropylammonium iodide and 0.04 M iodine, whereas no extra additives 
were used. The composition of the electrolyte was adjusted using lower concentrations of lithium or 
potassium iodide, however not producing higher conversion efficiencies than the simplest 
composition. A conversion efficiency of 7.9% was achieved, and it is remarkable that after more 
than 15 years of intense research, using a multitude of alternative solvents, redox couples, and 
various additives, we still mostly use the same categories of nanoparticles, dyes, and electrolytes. 
Since this report, many researchers have invested their effort to replace the iodine type electrolyte. 
Hagfeldt et al. reported the properties of frequently used solvents for electrolytes in dye sensitized 
solar cells on their review article19. The demands on the liquid redox electrolyte are that they should 
be chemically stable, have low viscosity in order to minimize transport problems, and be a good 
solvent for the redox couple components and various additives but at the same time not cause 
significant dissolution of adsorbed dye or even the semiconducting material of the electrodes. 
Because many organometallic sensitizing dyes are sensitive toward hydrolysis, water and reactive 
protic solvents are normally not optimal choices. Finally, the redox electrolyte should be 
compatible with a suitable sealing material to avoid losses by evaporation or leakage. The two 
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major types of solvents simultaneously fulfilling most of the criteria are based on fairly polar 
organic solvents and, more recently, ionic liquids (discussed in section 5.3.3). First, some general 
features of the electrolyte solvents are discussed. Properties of some frequently used solvents for 
DSC electrolytes are listed in Table 1. 
 
 
Table 1. Properties of Frequently used solvents for electrolytes in DSSCs 
 
 
Electrolytes based on both organic solvents and ionic liquids can be gelated, polymerized, or 
dispersed with polymeric materials. Both types of liquids have been used as starting materials, and 
the inclusion of gelating or polymeric agents transforms the electrolyte into a quasi-solid 
electrolyte20. This type of electrolyte is discerned from hole conductors by the fact that a redox 
mediator is included (almost exclusively the iodide/triiodide couple) and that charge transport 
occurs mainly by diffusion of molecules, rather than by hopping of charge. When a large 
concentration of iodine is added, however, a Grotthus mechanism of charge conduction can occur 
in gelated media, as suggested from spectroscopic data supporting the formation of polyiodides21. 
Typically, these quasi-solid electrolytes show conversion efficiencies that are slightly lower than 
that of the host liquid redox electrolyte. This effect can most likely be attributed to limitations in 
the mobility of the redox couple components within the quasi-solid electrolyte. Gelating a mixture 
of organic carbonates using polymethylhydrosiloxane forming network structures gave efficiencies 
almost up to 3%. 
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2. 3 Counter electrode materials 
Since M. Graetzel invented the electrochemical photovoltaic, various studies have researched to 
improve light conversion efficiency and decrease the cost of solar cell. However, most of studies 
have been focused on the working electrode and electrolyte. The counter electrode has not 
relatively little been interested to compare with other dye sensitized solar cell parts. Because the 
platinum looked so perfect material for counter electrode, many researchers have not been 
interested the part. Recently, the noble metal price is getting increase amazingly. The price of 
platinum is very expensive and it will not be decrease of the price. For cost-effective photovoltaic 
system, the replacement material for counter electrode has caused to interest.  
Platinum coated conducting glass has already been widely used as the standard for dye 
sensitized solar cell counter electrodes. The reactions at the counter electrode depend on the type of 
redox shuttle used to transfer charge between the working electrode and the counter electrode. 
There are many methods to make platinum coated counter electrode. RF Sputtering method and Pt-
ion solution coating are generally used for generating the counter electrode. After coating the 
platinum on the TCO glass, whether the method is sputtering or solution coating, the coated TCO 
glass has to be thermally heated to release series resistance. The thermally treated Pt is more stable 
and shows a higher exchange current for the triiodide/iodine couple. In general, solution coating 
process is applied for the counter electrode because the sputtering method needs higher cost due to 
a vacuum chamber. This counter electrode coated in solution is normally prepared H2PtCl6 diluted 
solvent with spin coating or other methods.  
Metal substrates, for example steel and nickel, are difficult to employ for common dye 
sensitized solar cell because the Iodine species in the electrolyte are corrosive for most kinds of 
metals even the gold and silver. However, it is possible to employ these materials as the substrate of 
the counter electrode if these surfaces are covered completely with anti-corrosion materials such as 
carbon or SnO2:F. Metals can be beneficial to obtain a high FF for large-scale dye sensitized solar 
cell because of their low sheet resistance. Ma et al. used Platinum covered stainless steel, SUS304 
and nickel as the CEs and obtained conversion efficiencies under full sun of 5.24% and 5.13%, 
respectively22. They compared different deposition methods for platinum on stainless steel, such as 
sputtering, electroplating, and thermal deposition of platinum nanoparticles. In this case, the 
sputtering method achieved the best results as mentioned above with 12.4 mA/cm2 of current 
density, 0.703 V of open circuit voltage and a fill factor of 60%.  
 
Dye sensitized solar cell is well known as low cost photovoltaic because it does not need high 
vacuum process. The photovoltaic system targets to generate electricity. It means that cost-effective 
device will get much part of the markets. The application of low-cost materials should be important 
as well. Although the platinum is used for the counter electrode very little amount, large area 
 19 
 
module needs plenty amount of platinum particles. It is not going to be cost-effective points. In the 
future, large scale of solar power systems will prefer materials that are abundantly available. Also 
some reports claim the risk of corrosion of Pt in triiodide-containing solutions to generate platinum 
iodides such as PtI4 although this was not confirmed for platinum nanoparticles with thermally 
deposited on the substrate.  
In 1996 Kay achieved a conversion efficiency of 6.7% using a monolithic dye sensitized solar 
cell embodiment based on a mixture of graphite and carbon black as the current collector23. The 
role of graphite in which increases the lateral conductivity of the CE and the carbon black, provides 
catalytic activity for the reduction of electrolyte species in place of platinum and keeps a very high 
surface area of the carbon black. 
The performance imparts confidence that carbon can act as a catalyst for the reduction of I3
- in 
electrolyte without platinum and is an adequate material to make series connected layered 
structures. Imoto et al. compared several types of activated carbon with different surface areas 
ranging from 1000 m2/g to 2000 m2/g as the counter electrode material, assessing in addition the 
activity of several different types of activated carbon, glassy carbon, and graphite24. The surface 
area of the glassy carbon and graphite was three orders of magnitude lower than those of the 
activated carbon catalysts. In the preparation of the latter electrodes, a certain amount of carbon 
black was included. In their results, the electrodes consisting of the lower sheet resistance materials, 
graphite and glassy carbon, gave lower Jsc values and fill factors, indicating the importance of the 
roughness of the carbon materials in achieving a better performance. They demonstrated an 
improvement in the Jsc and FF with increasing thickness (>30 lm) of the carbon material. Carbon 
nanotubes have a high longitudinal conductivity. Suzuki et al. used single-wall carbon nanotubes 
(SWCNTs) for the CE25, which were deposited on both FTO-glass and a Teflon membrane filter 
achieving conversion efficiencies of 3.5% and 4.5%, respectively. SWCNTs are good triiodide 
reduction catalysts. 
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3. Future of the dye sensitized solar cells 
Nowadays, the dye sensitized solar cell is going to be commercialized. Although the cell 
efficiency is almost fixed when M. gratzel invented this device, the dye sensitized solar cell is still 
attractive on the solar cell market. The dye sensitized solar cell can be changed the cell color when 
the sensitizer is changed. Normally, N719 is red-brown color. When the dye sensitized solar cell 
adsorbs on the TiO2 surface and is injected electrolyte, the cell color is dark red or dark brown. 
However, some organic sensitizer has very colorful saturation such as green and light blue. The 
module color can be changed to other one. Also, screen printing technic can be control the 
thickness of the working electrode and the size of TiO2 can adjust transmittance of the layer. By this 
technology, the dye sensitized solar cell module can be designated in very beautiful patterns. 
Figure . and . shows the designed dye sensitized solar cell module and products. 
 
 
Figure 13. Dye sensitized solar cell lamp 
 
 
Figure 14. Dye sensitized solar cell module in designed pattern 
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The dye sensitized solar cell module can be flexible type as well. G24i produces flexible type 
dye sensitized solar cell. The efficiency achieves 4% under 1.5AM, 1 sun condition. The flexible 
type solar cell has wide application to compare with other photovoltaics. Crystalline silicon colar 
cell cannot be flexible so that it is only used for huge scale such as solar cell power plant. The 
flexible dye sensitized solar cell can be used small market. Portable recharger and backpack-in-type 
cell or military equipment market focuses the flexible type solar cell. Especially, the military 
supplies highly needs light and endurable solar cell. The titanium foil based dye sensitized solar cell 
can be the solution for the war supplies. The flexible photovoltaic is very flexible and has high 
durability as well. 
 
Figure 15. Dye-sensitized solar cells have the potential to be flexible and more 
mechanically robust than conventional photovoltaic solar cells. This makes the attractive for 
portable energy generation applications, such as this solar power 
 
 
Figure 16. High flexibility dye sensitized solar cell (G24i) 
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And the dye sensitized solar cell is very transparent because of the structure. The working 
electrode is nano-porous TiO2 structure and platinum counter electrode is also transparent. It means 
that the dye sensitized solar cell can be used for windows with generating system. The glass 
substrate is as strong as enduring against external shocks. It is possible to replace general window. 
Some window type dye sensitized solar cells are already installed for the window and it is testing 
how much electricity and efficient to compare with the typical window. If the transmittance goes 
much better with fixed efficiency, the general window will be replaced into dye sensitized solar cell 
type windows. It will be very huge market as well.  
As we have looked around, the dye sensitized solar cell targets in different area to compare with 
other type of solar cell. It is the only device which has flexibility, transparent, colorful even good 
conversion efficiency. The production steps do not need vacuum or very high temperature. It means 
the dye sensitized solar cell is going to be very cost-effective device.  
The solar cell market is difficult to expect because it is easily influenced the global economy. 
However, the efficiency is getting higher in most type of solar cells and the price is getting 
decreased as well. In several years, the photovoltaic is one of the major power generating system, 
we expect. 
 
Figure 17. Transparent dye sensitized solar cell module. 
 
 
Figure 18. Dye sensitized solar cells at CSIRO’s energy center, Newcastle, NSW, Australia 
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Chapter 3. Cost-effective Counter Electrode 
Materials by Carbon black and Crystalline TiO2 
Nanoparticles 
 
 
 
1. Introduction 
Dye sensitized solar cells have attracted attentions owing to high energy conversion efficiency, 
environment- friendliness, low-coat productivity, simple process, and better flexibility since M. 
graetzel had invented the electrochemical solar cell. Generally, a dye sensitized solar cell is 
composed to working electrode part sensitized by an organic or metal-organic dye, electrolyte 
which contains a redox couple (triiodide/iodide), and counter electrode part. The counter electrode 
usually made of coated platinum particles or sputtered layer. In the other hands, the mass 
production of dye sensitized solar cell is still limited because of low long-term stability and high 
cost of the counter electrode material, platinum. To solve these problems, various alternative 
materials are researched the most of reports are mentioned about platinum-free counter materials.  
By this time, several kinds of materials applied for the counter electrode have been reported to 
replace into platinum. Organic polymer, inorganic material, and carbon materials are commonly 
proposed for the electrode. Carbon is very attractive material due to high electrochemical catalytic 
property, good corrosion resistance, low cost, and easy mass production. Till these days, various 
carbon structures are invented and found. Graphene, carbon nanotube and fullerene is very typical 
structures for many applications. Various electrochemical devices are using these common 
structures such as lithium ion battery. So, the effective of these materials are widely reported by 
many reports. In the other hands, some special carbon structures are designed recently, for example, 
ordered mesoporous carbon, carbon fiber, high porosity carbon black. 
In 1996, M. Graetzel reported a new type counter electrode made by carbon black and titanium 
dioxide layer. This counter electrode is for mass production23. In this report, carbon material has 
sufficient conductivity and heat resistance as well as corrosion resistance and electrocatalytic 
activity for triiodide reduction. The efficiency is also comparable to platinum coated counter 
electrode. Since this report, various type of carbon structures have been tested. The efficiency and 
long-term stability is almost close to the general counter electrode. 
The carbon black is a material produced by combustion of heavy petroleum products such as 
fluid catalytic cracking tar, coal tar, ethylene cracking tar, and a small amount from vegetable oil. 
Carbon black is a form of amorphous carbon that has a high surface area to volume ratio. It is 
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dissimilar to soot in its much higher surface-area-to-volume ratio and significantly lower PAH 
(polycyclic aromatic hydrocarbon) content. The most common use of carbon black is as a pigment 
and reinforcing phase in vehicle tires. The carbon black is also employed in some radar absorbent 
materials and in photocopier and laser printer toner.  
Nowadays, the carbon black is focused in other application because of high surface area and 
good catalytic properties. Also the carbon black is very cheap material because it is kinds of by-
product from petroleum refinement. However, the material does not have good physical connection 
each particle and easily evaporated in the air when it gains heat. To overcome the negative points to 
apply the dye sensitized solar cell, binder material should be used to make better connection. 
Herein, we reported the properties of the synthesized carbon black material and anatase TiO2 
particles. The materials are modified for the counter electrode on the dye sensitized solar cell. The 
synthesized TiO2 has various size from 30 nm to 50 nm. The power conversion efficiency is going 
to be compared with different size of TiO2 and amount of carbon black. Also, electrochemical 
properties are going to be introduced to show characteristics of the counter electrode. The carbon 
black and TiO2 counter electrode cannot be comparable the platinum-coated counter electrode. But 
the cost-effective material, carbon black, will lead to decrease of the price of the solar cells.  
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2. Experiment 
 
2. 1 Materials 
Sol-gel process is applied for TiO2 nanocrystal. Firstly, Titanium sol-gel is produced and 
hydrothermal synthesis is used to make nano-particles. Titanium (IV) isopropoxide (Sigma Aldrich, 
97%), purified distilled water (J. T. Baker, 99.999%), Tetramethylammonium hydroxide 
pentahydrate (TMAH, Sigma Aldrich, 97%) are materials for TiO2 sol-gel. Various size of 
autoclave (Parr ins.)  is used for the hydrothermal synthesis and the sol-gel is treated at an electric 
muffle furnace. 
 
 
2. 2 Carbon black synthesis 
The carbon black was gathered from petroleum refinement. Large size of carbon chunks are 
generally made during the high pressure steam process on the petroleum refinement. The carbon 
chunk was pulverized by 50 to 80mesh of grinder. After the product was heat treated for 2 hours at 
500oC in a muffle furnance. The treated carbon mass was grinded again with 200mesh and 
350mesh step-by-step. The grinded carbon black was heat treated at 300oC for 2hours to remove 
impurities. The final product was 80 nm sized carbon black powder.  
 
 
2. 3 Anatase TiO2 nanocyrstal synthesis 
Titanium dioxide nanoparticle in anatase form is synthesized at water based and high pH 
method. This synthesis process is invented by Burnside et al26. The process is not simple because 
two steps of high temperature are needed to make titanium sol-gel. However, the result product is 
water based and very high purity of anatase form. Also the particle size shows very good uniformity.  
162 mL of Titanium (IV) isopropoxide (0.5M, Sigma Aldrich) was rapidly added to 290 mL of 
distilled water (15.5 mol, J. T Baker). Before adding the titanium (IV) isopropoxide, the water had 
stirred at an one-neck flask. It would be vigorous stirring with egg magnetic bar. The solution 
stirred for 10 hours or more. A white precipitate formed immediately upon addition of the titanium 
(IV) isopropoxide. The white precipitate is TiOx form. The resultant colloid was filtered using filter 
paper (Wattman) and washed three times with 50 mL of distilled water. The filter cake was added 
to a Teflon-lined titanium autoclave containing 30 mL of a 0.6 M tetramethylammonium hydroxide 
solution to form as white slurry. The pH of the colloidal solution after addition of base was 
measured to be between 7 and 8 with pH measurement or litmus paper. Peptization in the presence 
of tetramethylammonium hydroxide occurred after heating the product at 120 °C for 6 h. The 
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treated resultant is changed into translucent blue-white liquid. It is titanium sol-gel form. The 
suspensions which resulted from peptization were treated hydrothermally in the autoclave at 
temperatures ranging from 200oC to 240oC for 4.5 h. During this process, the TiO2 size is decided. 
Following growth, the resultant colloidal suspensions were milky white, indicating some 
degradation of the tetramethylammonium hydroxide to an amine form. The pH of the resultant 
colloidal suspension was measured between 13 and 13.5. It is very strong base state. The 
suspensions were concentrated to form aqeuous solutions. The amount of the result product 
depends on the experimental conditions. Generally, 50% of TiO2 can get on a process. The TiO2 
colloid is centrifuged under 13000rpm for 40 minutes. The white color precipitation is observed. 
The precipitation is dried for 1 day with vacuum oven and dissolved into D. I water  (D.I water : 
TiO2 = 20:1 wt%). 
 
 
2. 4 Carbon black – TiO2 slurry preparation 
The carbon black and TiO2 slurry was prepared under following conditions. Various amount of 
carbon black power was tested with different size of TiO2 particles. 50 mg/100 mg/200 mg/500 mg 
(TiO2 : Carbon black, 10:1, 5:1, 2.5:1 and 1:1) of carbon black power was weighed and transferred 
to 10 mL of TiO2 mixture. The mixture was dispersed by ultrasonic disperser (Sonics, 750Watt) for 
10 minutes at 225Watts. After the ultrasonic treatment, 100ul of triton X-100 was added to the 
mixture and ultrasonic treatment for 10 minutes is applied again.  
 
 
2. 5 Preparation of electrodes and cell fabrication 
FTO glass (TEC-8, Pilkington) was cleaned by water, ethanol, acetone and isopropanol for 10 
minutes in order with ultrasonic cleaner. The substrate is followed up UV cleaner for 20 minutes. 
For micro-thickness of working electrode, doctor blade method is applied. 20 nm TiO2 paste (ENB 
Korea) was used for light absorption layer and 500 nm TiO2 paste was for light scattering layer. The 
pasted substrate was transferred to electrical muffle furnance and heat treated for 1hour 30mins at 
450oC. The TiO2 working electrode is dropped into 40 mM TiCl4 solution by CBD method. The 
bath maintains for 30mins at 80oC dry oven. After TiCl4 treatment, the working electrode is heat 
treatment again in the same temperature for 30mins. N719 sensitizer is adsorbed on the surface of 
the working electrode. The dye solution is set at 0.3 mM concentration with acetonitrile : tert-
buthanol = 50:50 vol% with 0.075 mM dinhop solution. Absorption time is 24hours in room 
temperature. Counter electrodes were prepared by the carbon black and TiO2 slurry. Substrate is 
washed by same process and UV treated for 20mins. Hole must be drilled before the slurry had 
pasted on the substrate. The pasted slurry is dried on a tube furnance at 450oC for 1 hour.  
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The working electrode and the counter electrode were assembled together. 60um thick Surlyn 
(Solarinox) was used for cell spacer. Surlyn has wide application for various products such as golf 
ball coating, molding, cosmetic packing and reflections. The surlyn has high mechanical durability 
and strong elastic properties. It is easily smooth when it gains heat over 100oC, at this time, the 
material has strong adhesive strength. When the surlyn is cooled, it has very high density of 
package. On the dye sensitized solar cell, the surlyn can protect electrolyte leakage. For the process, 
the surlyn made up between the working electrode and counter electrode and applied 100oC heat for 
10 seconds by heating press machine with 50 kg/f. Electrolyte was injected into the gap of the cell. 
Concentration of electrolyte was following, 0.5M 1-Hexyl-2,3-dimethylimidazolium iodide 
(HDMII, 99.9%, C-tri), 0.02M Iodine (ACS regent, Aldrich), 0.5M 4-tert-buthylpyridine (TBP, 
Aldrich), 0.05M Lithium Iodide (Aldirch). Vacuum injection method was applied and the hole was 
covered with surlyn and cover glass. 
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3. Result 
 
3. 1 Carbon black properties 
For stable substrate, heat treatment is normally applied on many cases. Carbon-carbon is very 
strong bonging. So it needs very high energy for breaking each carbon connection. However, 
carbon is highly attracted to oxygen, the carbon is easily changed into carbon dioxide in the air. In 
this chapter, the stability of carbon black on high temperature at two kinds of gases, normal air and 
inert gas atmosphere, is analyzed by Thermo Gravimetric Analyzer (TGA). Also the pore size of the 
carbon black material is measured by BET (Brunauer, Emmett & Teller) instrument.  
TGA is widely used for heat resistance of materials. TGA is testing instrument performed on 
samples that measures weight changes in programed temperature. This analysis depends on high 
stable conditions, weight, temperature, and temperature change. Many TGA results look similar. X-
axis is temperature changes and Y-axis is percent of weight loss. The transformed state or changed 
structure by heat can be identified by TGA curves.  
The TGA result is introduced below. Figure 19 is the result of TGA in the air (left) and Argon 
atmosphere.  
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Figure 19. TGA result in air (left) and argon (right) with the carbon black. Heating rate 
was 10oC/min. 
 
The carbon black losses the most weight around 400oC in the air because the carbon combined 
with oxygen in the air changes to carbon dioxide. For higher adhesion, high temperature is 
necessary to combine among substrate, TiO2 and carbon black. Generally, FTO substrate can endure 
around 500oC, higher temperature would be possible to make better condition of electrode. So the 
carbon counter electrode was treated in Argon atmosphere. In the case of the Argon, the carbon 
material does not loss the weight and almost stable although the temperature is getting increased.  
The size and shape of the carbon black was observed by SEM image. The carbon black layer is 
high porous structure as shown in Figure 20 and 21. The particles are a bit aggregated each other 
although it remains as powder form. The size of the carbon black is from 60 nm to 90 nm. The 
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average size is 75 nm. The particle size is too large to compare with other carbon structures. 
However, the surface properties should be analyzed for the chemical reactions. 
Though the particle size is not large as other carbon structure, the surface area has to be 
analyzed because the surface area is highly influenced to the chemical reaction on the electrolyte 
components. The pore size was measured by Brunauer-Emmett-Teller (BET) instrument. The pore 
diameter, pore volume and surface area of the carbon black is 8.7 nm, 1.45 cm3/g and 663.2 m2/g 
respectively.  
 
 
 
Figure 20. SEM image of the carbon black powder 
 
 
Figure 21. Particle size of the carbon black power 
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3. 2 Anatase TiO2 properties 
The hydrothermally synthesized nanocrystalline TiO2 should be anatase form. The anatase form 
of TiO2 has good electrical properties and adhesion to FTO substrate. The synthesized TiO2 
properties were measured by XRD analysis and SEM images.  
The synthesized TiO2 was analyzed by XRD. XRD can determine the crystallity and physical 
properties of the material and thin films. According to previous reports, three phases of titanium 
dioxide have been commonly observed, anatase, brookite, and rutile27. It is important which kinds 
of characteristics do the material has. Among the different TiO2 structures have their own XRD 
patterns. We can observe the synthesized TiO2 crystallisty through XRD analysis.   
These three figures (22 ~ 24) are XRD patterns which were synthesized by different 
temperature from 200oC to 240oC. The peak intensity does not represent to the crystallites. The 
XRD pattern is perfectly matched to the Anatase TiO2 XRD peak. In the measured XRD spectra, 
the rutile TiO2 peak was not observed. The most of the TiO2 particles were anatase form of TiO2. X-
ray diffraction patterns from samples show the formation of anatase particles after sol-gel form and 
after hydrothermal reactions in an autoclave at temperatures 200 oC, 220 oC and 240oC.  
Burnside reported in his article that the size of TiO2 is decided. Different size of TiO2 has 
different electrical properties and surface statement26. Smaller particle has good electrical properties 
but thicker thickness modification and maintaining high porous condition is difficult. However, 
larger TiO2 particle can easily organize stable and thick porous structure, less electrical properties it 
has. And larger size TiO2 has large pore diameter. It expects that very small size TiO2 cannot endure 
with the large sized carbon black particles. Due to this factor, over 30 nm sized TiO2 particles are 
tested. 
 
Autoclaving temperature (oC) Surface area (m2/g) Average pore diameter (nm) 
190 66.1 ~ 4 
210 61.2 ~ 5 
230 50.3 ~ 10 
250 38.9 ~ 30 
 
Table 2. Surface area, pore size, porosity analysis of hydrothermally synthesized 
nanocrystalline TiO2. 
 
The size of TiO2 can be calculated by BET result indirectly. To make sure, the size of 
synthesized TiO2 was indirectly observed by SEM image. 
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Figure 22. XRD spectra : hydrothermally synthesized TiO2 in 200
 oC autoclaving temperature. 
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Figure 23. XRD spectra : hydrothermally synthesized TiO2 in 220
 oC autoclaving temperature.
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Figure 24. XRD spectra : hydrothermally synthesized TiO2 in 240
 oC autoclaving temperature. 
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Figure 25 shows the SEM image of the synthesized TiO2. We can measure the size of TiO2 via 
SEM image indirectly. The products were different in dependence of the synthesized temperature. 
The smallest size of TiO2 was 200
 oC and the largest size was 240 oC. The size of TiO2 which 
synthesized in various temperature is described in Table 3.  
 
Autoclaving temperature (oC) 200 oC 220 oC 240 oC 
TiO2 Size (nm) ~30 nm ~40 nm ~50 nm 
 
Table 3. Measured TiO2 size via hydrothermally synthesized in various temperature 
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Figure 25. SEM images of various TiO2 in each conditions. a) 200
 oC b) 220 oC c) 240 oC. The nanocrystalline TiO2 was synthesized by 
hydrothermal reaction at an autoclave. High pH condition was applied for the Ti sol-gel.  
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3. 3 Cell performance and electrochemical analysis 
The counter electrodes were prepared by different carbon weight percent and different size of 
TiO2. We compared the cells with the counter electrodes based on each condition. Two conditions 
of the counter were firstly tested which were prepared with only carbon black and carbon 
black/TiO2 mixture. Figure shows the J-V characteristics of using two different counter electrodes. 
Following the results, only carbon black cannot make high performance. To compare with Jsc 
and Voc between two counter electrodes can determine which electrode can make higher 
performance. Broadly we can expect that the effect of TiO2 with the carbon black material. Only the 
carbon black counter electrode could not show high current density and open circuit voltage 
because of low adhesion with the FTO glass. Also the only carbon counter electrode cannot 
exchange agents on the electrolyte.  
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Figure 26. J-V characteristics of two different counter electrodes, only carbon black and 
carbon black/TiO2 mixture. 
  
  Carbon Black Carbon Black + TiO2 
Voc (V) 0.683 0.779 
Jsc (mA/cm2) 6.2 14.5 
F.F (%) 60.8 61.8 
Efficiency (%) 2.6 6.8 
 
Table 4. Detailed J-V values of each electrode.  
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We should make sure the effects of amount of carbon black on the counter electrode. Various 
weight of carbon blacks were tested with fixed size of TiO2 treated to 220
 oC. The amount of the 
carbon black added following conditions, 50mg, 100mg, 200mg and 500mg. The amount of carbon 
black was decided for weight percent to exact amount of TiO2, 500mg. Carbon black : TiO2 = 1:10, 
1:5, 1:2.5 and 1:1 wt%. The carbon black and TiO2 slurry was pasted on a piece of FTO glass by 
doctor blade method. The conditions are listed up in Table 5. 
 
  TiO2 Carbon Black 
Weight 500mg 50mg 100mg 200mg 500mg 
Ratio   1:10 1:5 1:2.5 1:1 
 
Table 5. The tested conditions (Carbon black : TiO2). Each materials are dispersed into 10 
mL water.  
 
According to the Figure 27 and Table 6, current density was changed in the conditions of 
amount of the carbon black. 100mg of the carbon black marked the highest current density and the 
best efficiency. Open circuit voltage was getting decreased in conditions of more carbon black, the 
current density was also decreased in condition of the amount of carbon black. On the highest 
condition, 100mg of carbon black, the fill factor was the highest, 54.1%. We can expect that 1:5 
conditions can make the best efficiency because the efficiency difference came from the fill factor. 
The platinum counter electrode makes very high fill factor, 67.1%, the carbon black and TiO2 
counter electrode shows low fill factor. Owing to the fill factor, 10:1 condition cannot generate the 
best efficiency though the condition shows the highest current density and open circuit voltage. 
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Figure 27. J-V characteristics of various amount of carbon black (50 nm TiO2) 
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  Pt 50mg 100mg 200mg 500mg 
Voc (V) 0.759 0.729 0.714 0.658 0.623 
Jsc (mA/cm2) 15.3  14.6  13.7  9.7  5.3  
F.F (%) 67.1 46.1 54.1 53 46.8 
Efficiency (%) 7.8 4.9 5.3 3.4 1.5 
 
Table 6. Detailed J-V values of 50 nm TiO2 and Carbon black counter electrode 
 
We are going to observe influences of TiO2 size on the counter electrode and carbon black 
material. Different size of TiO2 has different conditions such as pore size, surface area, mechanical 
and electrical properties. This factor can be affected to the statement of the counter electrode.  
 
 
Figure 28. Schematic of TiO2 size dependant on the porous electrode. 
 
According to these J-V characteristics, the efficiency was slightly increased to compare with 50 
nm TiO2 condition. Small size of TiO2 has larger surface area, the TBP in electrolyte can be more 
adsorbed on the surface of the counter electrode. It leads to lower open circuit voltage. Following 
figures show the changes in the conditions of TiO2 size and the amount of the carbon black. The 
schematic picture is described in figure 29.  
 
 
Figure 29. Schematic of TiO2 and CB counter electrode 
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Figure 30. J-V characteristics of various amount of carbon black (30 nm TiO2) 
 
 
 
  Pt 50mg 100mg 200mg 500mg 
Voc (V) 0.734 0.674 0.679 0.629 0.589 
Jsc (mA/cm2) 15.5  15.2  15.2  11.4  9.1  
F.F (%) 65.6 50.2 52.4 40.2 40.4 
Efficiency (%) 7.4 5.1 5.4 2.9 2.2 
 
Table 7. Detailed J-V values of 30 nm TiO2 and Carbon black counter electrode 
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Figure 31. J-V characteristics of various amount of carbon black (40 nm TiO2) 
 
 
 
 
 
  Pt 50mg 100mg 200mg 500mg 
Voc (V) 0.734 0.709 0.709 0.674 0.669 
Jsc (mA/cm2) 15.5  15.6  16.1  13.2  10.0  
F.F (%) 65.6 52.2 56.7 55.2 52.2 
Efficiency (%) 7.4 5.8 6.5 4.9 3.5 
 
Table 8. Detailed J-V values of 40 nm TiO2 and Carbon black counter electrode 
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Figure 32. J-V and Voc changes in the conditions of CB : TiO2 
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Figure 33. Fill factor and Efficiency changes in the conditions of CB : TiO2 
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Figure 30 and 31 are the J-V characteristics and under tables are detailed value of each curves. 
Figure 30 is using 30 nm TiO2 particles and figure 31 is 40 nm TiO2 particles. The size dependant is 
described the figure 29 in detail. Smaller particle has better electrical properties. However, the 
small particle more cover with the surface of the carbon black. In contrast, the larger particle has 
wider porous area, the particle do not cover the carbon black. So the TiO2 particle size is an 
important factor to make an effect on the electrolyte reaction. The smallest TiO2 particle, 30 nm, 
shows the worst efficiency in the most carbon black conditions. 40 nm TiO2 makes the best 
efficiency.   
Figure 32 and 33 show tendency of each condition. The open circuit voltage is in direct 
proportion to the amount of carbon black and TiO2 size. Because of the surface area of 50 nm TiO2 
is the least in the conditions, the open circuit voltage shows the highest value. In the case of 30 nm 
TiO2, the open circuit voltage is the lowest in the following conditions. In contrast, the open circuit 
voltage shows inverse proportions in the condition of the amount of the carbon black. The reason is 
that more carbon black layer has larger surface area, the TBP adsorbs on the surface of high wt% 
ratio of TiO2 : carbon black. The current density, Fill factor and efficiency show similar tendency in 
each condition. 1:5 condition (100mg carbon black) shows the best efficiency and fill factor.  
We can observe the interfacial properties of the samples via electron impedance spectroscopy 
(EIS) with Nyquist plot. Nyquist plot of the dye sensitized solar cell shows three arcs, which are 
corresponding to resistances at counter electrode/electrolyte interface (high frequency), 
TiO2/sensitizer/electrolyte interface (middle frequency) and electrolyte internal resistance (low 
frequency). The first arc is related to electron transfer at counter electrode/electrolyte interface. 
When more catalytic effect is observed, smaller arc is expected. It means that the smaller arc is 
lower resistance on the interface. Following figures show the EIS result of each condition.  
Each condition shows similar tendency in dependence on the different TiO2 size and carbon 
black weight. The first semicircle is similar in each condition. However, the second semicircle is 
getting larger to compare with Pt coated counter electrode. It means that the counter electrode 
cannot work for triiodide/iodine conversion reactions. The major role of the counter electrode is I3
- 
+ 2e- → 3I- reaction. More carbon cannot guarantee the more reaction. We can expect the result 
through Figure. . The carbon black is good catalytic material but it should maintain large surface 
area. The carbon black can easily bind each other. However, the carbon black is not sintered. The 
particles are just stuck. It means that mono dispersed condition can generate more chemical 
reaction well. Aggregated carbon black particles have narrow surface area and worse electron 
transport properties. Thus, the exact ration of carbon black and TiO2 is important factor. Herein, the 
catalytic activity of the samples was investigated by cyclic voltammetry.  
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Figure 34. EIS result on the condition of 30 nm TiO2 under 1 SUN 
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Figure 35. EIS result on the condition of 40 nm TiO2 under 1 SUN 
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Figure 36. EIS result on the condition of 50 nm TiO2 under 1 SUN 
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Figure 37 shows the cyclic voltammetry (CV) in each condition. The CV of the carbon black 
and TiO2 counter electrode is not clear to compare with the pt coated counter electrode. Especially, 
the reduction peak is broad as well. More amount of carbon black generates more current density 
following CV graphs. However, the peak point is also shifted or not clear, especially reduction 
reactions. The major reaction on the counter electrode is the reduction reaction on the electrolyte 
components. So the carbon black/TiO2 counter electrode cannot work as the photocathode for this 
dye sensitized solar cell system. And the peak points are shifted as well. In the best condition, 40 
nm TiO2 and 100mg, the peak point is -0.305 V/0.432 V (vs SCE) and Pt coated electrode is -0.100 
V/0.363 V (vs SCE), respectively. The shift might be owing to the material resistance, such as 
carbon black powers, TiO2 and FTO substrate, themselves or between carbon black/TiO2/FTO 
substrate interface.  
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Figure 37. Cyclic voltammetry of each condition. 30 nm (left), 40 nm (middle) and 50 nm (right) conditions are observed via 3 electrode system. The reference 
electrode was saturated calomel electrode (SCE) and the electrolyte was 1 mM I2, 10 mM LiI, 100 mM LiClO4  
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4. Conclusions 
In summary, the efficiency is highly dependent to the amount of carbon black and TiO2 size. We 
can expect the surface area changes for activation of the electrolyte through the J-V characteristics, 
CV curves and EIS changes. More ratio of carbon black can easily aggregate each powder. It gives 
fewer electrons from the counter electrode to the oxidized electrolyte components. Thus, the 
reduction reaction is not clear on the CV curves to compare with oxidization reaction. We can 
measure the internal resistance changes via EIS as well. The resistance on the counter electrode is 
not too much changed in dependence of the conditions. We can know the factor on the first 
semicircle. The diameter of the first semicircle was similar in each condition. In contrast, the 
second semicircle has dramatically changed in each condition. The internal resistance is 
proportionally larger to the amount of the carbon black also the size of TiO2. The condition of 40 
nm TiO2 and 100mg carbon black shows the smallest EIS graph to compare with other conditions. 
Of course, the efficiency was the best, 6.5% and fill factor was 56.7%. Because of the cost-effective 
of the carbon black and TiO2, this counter electrode system has competitive power in comparison 
with platinum counter electrode.  
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Chapter 4. Carbon Nanomedusa : Pt-Free, Highly 
Efficient and Durable Counter Electrode for Dye 
Sensitized Solar Cells 
 
 
1. Introduction 
Dye-sensitized solar cells (DSSCs) that convert solar energy into electrical energy have been of 
considerable interests during the last two decades owing to their cleanliness, simple fabrication 
process, and relatively high efficiency18. Most of DSSCs consist of TiO2 working electrode with 
dye adsorption, electrolyte with iodine complex, and counter electrode (CE) with Pt coating. The 
CE is one of the important components in the DSSCs that returns electrons to electrolyte via iodide 
reduction28. The materials for CE should have the abilities for sufficient electrocatalytic activity for 
iodine reduction as well as for the fast diffusion of electrons and ions. Yet, thus far only a limited 
number of materials have been successfully applied for CEs due to the corrosion of metals by 
iodine electrolyte, with a vapor-deposited Pt being the prevalent material of choice primarily 
because of its high electrocatalytic activity. However, prohibitively high cost and limited supply of 
Pt has triggered a great deal of recent efforts for searching low-cost, alternative CE materials that 
can replace Pt. For instance, metal sulfides29, nitrides30, and carbides31 that had previously shown 
Pt-like catalytic activity in heterogeneous catalysis have been utilized as DSSC CEs. As more cost-
effective materials for CEs, a variety of carbons have been exploited32, examples of which include 
activated carbons33, carbon nanotubes34, carbon nanofiber35, graphene36, graphite37, and ordered 
mesoporous carbons38. Particularly, recently emerged nanostructured carbons such as CNTs, 
graphene, and OMCs have appealing structural properties that are beneficial for DSSCs including 
high electrical conductivity and well-developed porous structure. As such, these nanocarbon-based 
CEs have shown promising applicability for DSSCs, however whose efficiency is lower than the 
DSSC with a Pt-based CE. 
Herein, we report the preparation of nanocomposites of OMCs and CNTs in a single step from a 
single precursor, and their successful application as a novel, Pt-free, highly efficient and durable 
DSSC CE. The OMC-CNT nanocomposites have a unique structure, in which the primary particles 
of OMCs are interconnected by CNTs, thus exhibiting a nanomedusa-like morphology. Importantly, 
the OMC-CNT nanocomposites combines advantageous properties of both OMCs and CNTs. The 
high surface area of OMC provides numerous catalytically active sites for iodine reduction while its 
3-dimensionally (3-D) interconnected mesoporous structure allows for the facile transports of ions 
and electrons. On the other hand, CNTs can function as electrical bridges that interconnect 
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separated OMC primary particles, thus generating fast electrical networks. We show that the DSSC 
employing the OMC-CNT-based CE exhibits an excellent cell efficiency, which rivals that of the 
DSSC cell with a conventional Pt-based CE. Furthermore, we demonstrate that the DSSC with the 
OMC-CNTs-based CE shows a remarkable stability in a long-term efficiency test. 
 
 
 
2. Experiment 
2. 1 Carbon Nanomedusa synthesis 
 A hexagonally ordered OMS template was synthesized following the literature method for 
SBA-15 silica with the modification of hydrothermal treatment temperature at 150 oC. The OMC-
CNT nanocomposites were synthesized by a solid state nanocasting method using OMS and Ni-
phthalocyanine (NiPc, Aldrich) as a template and as a precursor, respectively.[14] 1.0 g of calcined 
OMS was mixed with 1 g of NiPc, and the mixture was grinded for 10 min in a mortar and 
transferred to an alumina crucible. The mixture was then heated to 900 oC with a ramping rate of 
2.5 oC min-1 and maintained at that temperature for 3 h under Ar flow. The resulting carbon-silica 
composite was then washed with hydrofluoric acid (50 wt%, J.T.Baker) at room temperature for 1 h 
twice to remove OMS template. The synthesis of OMC was achieved with the same procedure with 
the OMC-CNT, except the use of phthalocyanine (Pc, Aldrich) as a carbon precursor. 
 
 
Figure 38. Schematic illustration for the preparation of the OMC-CNT composite and 
OMC 
 
2. 2 Working electrode preparation for dye sensitized solar cell 
FTO glass (TEC-8, Pilkington) was cleaned by ethanol, acetone, isopropanol in order with 
sonication for 10 min, and UV exposure was followed for 20 min. Doctor blade process was 
applied to evenly apply TiO2 paste (ENB Korea, 20 nm) on cleaned FTO glass with a thickness of 
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around 12 m, and the sample was sintered at 500   oC for 80 min. TiCl4 treatment was carried out 
by placing the sample in 40 mM TiCl4 aqueous solution for 30 min followed by sintering for 30 
min at 500 oC again. Dye coating was followed in 0.3 mM of N719 solution in acetonitrile/ter-
buthanol (1:1 vol.) for overnight. Finally the working electrode was assembled with the carbon 
counter electrode, and an electrolyte was added through a pre-drilled hole. The hole was sealed 
with Surlyn and a piece of thin glass. The composition of the electrolyte was 0.5 M 1-hexyl-2,3-
dimethylimidazolium iodide (99.9%, C-tri), 0.02 M iodine (ACS regent, Aldrich), 0.5 M 4-tert-
buthylpyridine (Aldrich), 0.05 M lithium iodide (Aldrich) in acetonitrile. J-V characterization was 
carried out under 1 Sun condition with Oriel SOL3A solar simulator by obtaining open circuit 
voltage, short circuit current, fill factor, and overall efficiency. 
 
2. 3 Preparation of Counter electrode with the carbon nanomedusa 
The carbon counter electrode was prepared in solution process. For a reference, CE with Pt was 
prepared by spin-coating (1500 rpm, 10 sec) 20 mM of H2PtCl6 solution in isopropanol on FTO 
glass 3 times and sintering at 400 oC for 1 h. For the OMC-CNT and OMC, each material was 
dispersed in organic vehicle (2-methoxy-ethanol) and ultrasonic disperser (Sonics, 750) was applied 
for 5 minutes, and composition ratio was set at 1:100 (wt %). The mixture was loaded on FTO glass 
by spin-coating (1500 rpm, 3 times) and sintering at 400 oC under Ar atmosphere. 
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3. Result 
 
3. 1 The counter electrode analysis 
The carbon counter electrode was filled with each material, OMC-CNT or OMC. The size of 
OMC and CNT was observed via SEM image. 
   
  
Figure 39. SEM pictures of carbon nanomedusa (OMC-CNT) 
 
The figures 39 shows the OMC-CNT counter electrode which was coated on a piece of FTO 
substrate. The size of OMC was over 500 nm and the CNT diameter was in various. Because of 
thick diameter of the CNT, we can expect the CNT is multi-walled CNT. The CNT and OMC were 
well dispersed on the FTO glass. This material was synthesized from nickel seed. So we measure 
the components mapping via EDAX analysis.  
The carbon accounted the highest rate. Tin and Oxygen atoms came from the substrate. The 
OMC-CNT has high porosity, the injected electrons passed through the material. So the Tin and 
Oxide were observed. Nickel also appeared because the starting material was NiPc and the CNT 
was grown from the Nickel particles. Nickel is also good catalytic material, the OMC-CNT counter 
electrode would be good for the dye sensitized solar cell system.  
OMC counter electrode was also prepared with the same process. Following SEM picture 
shows the OMC counter electrode state and EDAX analysis result.  
The starting material for the OMC was Pc. So the material does not contain nickel atoms. It is 
only consisted of only carbon. The particle size is nearly 300 nm. However, the dispersion 
condition is not good as OMC-CNT counter electrode. Among the OMC materials, there is no 
interconnection to transport electrons. On the OMC-CNT electrode, the CNT works as a binder for 
making connection between FTO glass and OMC. Because the melting point of carbon is very high, 
just 450oC temperature cannot generate interconnection between carbon particles. So, the carbon 
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layer was easily removed when it was scrubbed.  
 
 
Figure 40. OMC-CNT EDAX imaginary mapping 
 
 
 
Figure 41. OMC EDAX analysis. According to the EDAX result, only carbon remains. 
 
We can indirectly expect the performance of the counter electrode through cyclic voltammetry. 
The condition of CV was 100 mV/s and the electrolyte was prepared with 1 mM I2, 10 mM LiI, 100 
mM LiClO4 in N2 purged acetonitrile. The interests counter electrodes were compared with 
reference counter electrode, platinum coated FTO glass.  
As shown in the Figure , the counter electrode based on the OMC-CNT and Pt showed very 
similar shape in terms of redox peak positions and current densities. The reduction/oxidation peaks 
for Pt and the OMC-CNT appeared at - 0.163 V/0.242 V and - 0.152 V/0.262 V respectively. 
However, when the CE was replaced with the OMC or CNT only electrode, the peaks were far 
shifted to - 0.203 V/0.403 V or - 1.560 V/0.423 V. The shift might be also due to resistance either 
between carbons themselves or between carbons and FTO substrate. Comparting the current 
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densities of the samples, the OMC-CNT and Pt exhibited higher values than the OMC or CNT, 
suggesting their higher intrinsic catalytic activity for iodine reduction. We are able to expect the 
OMC-CNT counter electrode is good counter electrode for the solar cell. We next examined the 
solar cell performance with the interested materials. 
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Figure 42. Cyclic voltammograms for each sample on FTO glass. 
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3. 2 Cell performance and long-term stability 
 
We compared the efficiencies of DSSC cells employing the CEs based on the OMC-CNT, the 
OMC, CNTs only, and conventional Pt.  
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Figure 43. A comparison of J-V characteristics of DSSCs employing CEs with OMC-CNT, 
OMC and Pt 
 
Sample 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
(%) 
Efficiency  
(%) 
OMC-CNT 0.749 16.2 69.1 8.4 
OMC 0.744 16.0 55.9 6.7 
CNT 0.719 14.7 38.0 4.0 
Pt 0.749 16.1 68.7 8.3 
 
Table 9. Photovoltaic parameters for DSSCs employing different counter electrodes 
 
Figure 43 shows photovoltaic characteristics of the samples and Table 9 summarizes the 
parameters of DSSCs with different CEs. Importantly, the OMC-CNT-based cell showed quite a 
high efficiency (8.4%) that can even rival Pt-based cell (8.3%) whereas the OMC- and CNT-based 
cells showed much lower efficiency (6.7% and 4.0%, respectively) than Pt reference cell. Slopes at 
Voc region are often used to calculate series resistance of devices that consequently affects FF. 
When a series resistance is high, the J-V curves are contorted like a curve for CNT-based cell in the 
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Figure 43. While the OMC-CNT-based cell showed comparable J-V curve to Pt-based cell, the 
other two carbon-based cells show much higher series resistances and relatively low FFs. We 
believe that the CNT- and OMC-based cells could have high contact resistances either between 
carbon particles themselves or between carbons and FTO substrate. In contrast, in the case of the 
OMC-CNT-based cell, CNTs may electrically interconnect the OMC islands, which might facilitate 
the electron transfers between the OMC particles, thereby lowering the series resistance. Our 
reasoning could be further substantiated by sheet resistance measurements for the sample electrodes 
by 4-point probe station. The sheet resistances for Pt and the OMC-CNT treated electrodes were 8 
Ω/□ (± 0.4), whereas the sheet resistance for the OMC covered electrode showed much higher 
resistance of 10~100 Ω/□ depending on the thickness from 0.5 to 10um. 
We next examined the long-term stability of DSSCs that is critical for their practical application. 
The efficiencies of cells based on the OMC-CNT, OMC, and Pt-based CEs were monitored for 30 
days. The starting J-V characteristic is shown in Figure. . The cell performance is comparable to the 
platinum counter electrode. However, OMC or CNT counter electrode does not make good 
performance.  
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Figure 44. Long-term stability for DSSCs emplying OMC-CNT, OMC, and Pt as a counter 
electrode for 30 days 
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Figure 44 displays the changes of DSSC efficiencies with time. While Pt- and the OMC-CNT-
based cells were quite stable for 30 days, the performance of the OMC-based cell was drastically 
declined even after 5 days. This drop is mainly due to the reduction of catalytic ability of the OMC. 
To confirm it, the changes of J-V curves and EIS of the OMC-based cell with time were 
investigated. Figure 45 shows the J-V changes for 30days.  
The OMC-CNT counter electrode J-V characteristic has not changed for 30days aging. The Voc 
and Jsc are a bit changed in trade-off relationship. The fill factor is almost fixed so the efficiency 
has not been changed for 30days. However, the OMC counter electrode was dramatically changed 
for aging. Although the changes of Voc and Jsc were not noticeable with the aging of the cell, the 
drastic change was observed with the drop of FF that goes parallel with the efficiency decrease. 
This change of FF may originate from the resistance change, which was investigated by EIS 
analysis. As shown in the Figure. , the first arc that corresponds to the resistance at an interface 
between CE and an electrolyte drastically increased during aging.  
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Figure 45. J-V characteristic changes for 30days, OMC-CNT CE (Left), OMC CE (Right) 
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Figure 46. EIS curves for 30days in the condition of OMC counter electrode.  
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The weak interaction of OMC with either FTO substrate or OMC themselves may cause 
disengaging OMC to the electrolyte. In contrast, in the OMC-CNT, CNTs could combine OMC 
islands and FTO substrate, which is suitable for long period application without noticeable wrecks. 
Figure 45 shows the efficiency changes in detail.   
 
4. Conclusions 
In summary, we have reported a new, medusa-shape nanocomposite, OMC-CNT, where the 
primary particles of OMCs are interconnected by the CNTs. Importantly, the OMC-CNT reported 
herein represents the first example of simultaneous one-step formation of OMCs and CNTs from a 
single precursor. When applied as the CE for DSSCs, the OMC-CNT-based cell showed an 
excellent cell efficiency that can rival the cell based on Pt CE and that is superior to the cells based 
on the OMC and CNTs, primarily owing to the remarkably enhanced electrical conductivity as well 
as intrinsic catalytic activity. Furthermore, the DSSC employing the CE with the OMC-CNT 
exhibited a remarkable stability as the initial catalytic activity was preserved after a long term (1 
month) test, whereas the cell based on the OMC CE suffered a significant activity loss (70% of 
initial value). This work provides an intriguing way of structural design of a low-cost, Pt-free, high-
performance CE material for DSSCs. Given their advantageous structural as well as electrical 
properties, the extensive applications of the OMC-CNTs as the advanced electrode materials for 
fuel cells and Li-ion batteries are envisaged and currently underway. 
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에 도착하였습니다. 그 바다는 옥빛의 따스한 바다일지, 파도가 세차게 내쳐지는 험한 
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스쳐지나가기도 한다 생각해왔습니다. 아마도 제가 2년간 몸담았던 이 곳, 유니스트와 
그 안에 지내고 있는 많은 사람들은 아마도 저에겐 행운처럼 찾아온 노력의 보상이라
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사드리면 밝게 웃으시며 격려해주시고 저의 진로를 위해 많은 조언과 도움을 주신 것, 
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는 조언과 격려 덕분에 좋은 결과를 이끌어 낼 수 있었던 것 같습니다. 정말 감사합니
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사감사합니다. 대신 제가 개그로 팍팍 웃겨드렸으니 퉁치는걸로 합시다.  
This too shall pass. 즐거웠던 일과 행복했던 일들이 많았던 만큼 힘들었던 시간들도
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